l
|
{
}
1

| FOR
. §:MICKO-CARD
CONTROL ONLY

H -
N

Armed Services Technical Information g

ARLINGTON HALL STATION
ARLINGTON 12 VIRGINIA

(§

- e,
o g ;!
Ca '. o g
Y,
7 -~ .
L2 .. B ‘-
e X ‘
2 i 2 .
. ¥
. . . .
X LT X
£, -
X

BnCy

| 8AID DRAWINGS, SPECIFICATIONS, OR OTHXR DATA I3 NOT TO BE REGARDED BY

L

NJTICE: WHEN GOVERNMEZNT OR OTERR DRAWINGS, SPECIFICATIONS OR OTHER DATA
ERE CEED FOR ANY PURPOSE OTHER THAN IX CONNECTION WITH A DEFINITELY RELATED
GOVERMMENT PROCUREMENT OPREXATION, THE U. 8. GOVERNMENT THEREBY INCURS

RO RESPOMBIRILITY, FOR ANY OBLIGATION WHATSOEVER; AND THE FACT THAT THE
GOVERNMENT MAY HAVE FORMULATED, FURNISHED, CR IN ANY WAY SUPPLIED THE

IMPLICATION OR OTEERWISE A3 IN ANY MANNER LICENSING THE HOLDER OR ANY OTHER

PRRSON 05t CCRPORATION, OR CONVEYING ANY RIGHTS OR PERMISSION TO MANUFACTURE,
UEX O%Z S8ELL ANY PATENTED INVENTION THAT MAY IN ANY WAY BE RELATED THERETO.

B : e i - . NS . B A .
. : R A - - . ; h
. I ’ ’ o 4. . ;. .
- .« - - e 4 ¥ “. . : - 1. 4 -
L S “ e . . \
- -yt 8 . o e .Y - - 2
g N : - <. - : S A oh
el . N S YR - )
“‘ N . -~ - N PR g «- = g i
o - . 1 » . o L [}
A ;T . v Y d i . . 3 . d
- ; : ey % g L - N
: . S S N  $ oo T i1 . L
O e i S . S e b PEd
i SIS TSR A e .
X S IS G -, . R
B

e ’
. X
O ’

PR E BN, e 0 e L. R T SNy
A T & et t, 2} L O . 2 o

SR e e ey @0 e W gl e e SedREARLIE Y
R .



-~
Vg
(
\‘ﬁ

PROGRESS REPORT

S

\% = Study of CO, Absorption Spectra
o Between 15 and I8 Microns

BY
ROBERT P. MADDEN

Work done in part under comtract with

i OF NAVAL RESEARCH
Contract Nonr 248 (01)

JOHNS HOPKINS UNIVERSITY

, \ LABORATORN. JTROPHYSICS AND PHYSICAL METEOROLOGY
R BALTIMORE 18, MARYLAND

FEBRUARY 1, 1957

PR sinn - x ‘
o AN-rru ¢ N WROLE gy gy FART T Pl
) AT £
'OUINY RPUSE O The Umnizo ATATES "GO:;:;?




PROGRESS REPORT

Study of CO, Absorption Spectra
* Between I5 and I8 Microns

BY
ROBERT P. MADDEN

Work done in part under contract with

OFFICE OF NAVAL RESEARCH
Contract Nour 24/ (01)

THE JOHNS HOPKINS UNIVERSITY
LABORATORY OF ASTROPHYSICS AND PHYSICAL METEOROLOGY
BALTIMORE 18, MARYLAND

FEBRUARY 1, 1957




ABSTRACT
o

XA study hes been made of the absorption due to indi-

vidual lines and Q branches of C0Op bands in the 15 to 18,“
mleron spectral region. The bands occurring in this region
are due to transitions betwesn the lower vibrational energy
states of the CO, molecule -- the strongest band correspond-
ing to the v, fundamental frequency. The strengths and
widths of absorption lines in the fundamental band and in
the 02°0 - 01'0 bunc of 8120%6 havé-been measured. In the
latter hand the variation of line strength and width with

J haamh‘a;xﬂfdetermined° The strengths of five other bands

of 0120%6 havoiboen determined from measurements on their

Q branches. JIn—addition, the strengths of the v, fundamental
bands of ths isotopes 013016 and 0*8012016 have--been esti-
mated.

The accuracy with which these strengths and widths
hau:mboén determined varies according to the strength of
the absorption and the amount of overlap on any one band
by others.

In addition to the measurements of strength and width,
the v, fundamental band head of the 018¢12016 1sotope 1s
reported; and the rotational structure of the v, funda-
mental Q@ branch for 012056 1s partially resolved, and the
e band constants determined. .

The spectra were taken oﬁ a new Ebert spectrometer
vhich has demonstrated an optical slit width of 0.06 cm-1

and a wave number loccation accuracy of 0.01 em~1 at 17



: i ¥

microns. The i/6 spectrometer utilizes a 3 in. long slit
and a 14 in. x 12 in. grating. The absorption by Hy0 and
CO2> in the optical path of the spectrometer is eliminated
by the removal of these gases. The present experiments

were performed with a slit width of 0.24 mm, correspond-

ing to a spectral slit width of 0.1 cm~1,
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I. INTRODUCTION

The object of this research has been to advance the
knowledge of the intensity distribution of gaseous CO)
absorption lines in the spectral region 545 to 667 em-1l.
Such research 1s amply justified since this region of CO»
absorption plays an important role in the heat balance of
the earth's atmosphore,l and the transmission of infrared
radiation through this atmosphere. In addition, a calcu-
lation? of the emissivity of CO, and an understanding of
the role of CO, in flame emission, both of ccnsiderable
military interest, require such measurements.

Thres basic quantities may be studied in absorption
spectroscopy: the wavelength position, the strength and
the shape of the absorption. In the following discussion
these will be considered in tumn.

Wavelength positions of the individual lines are of
interest since the molecular constants, and the energy
levels for the molecule may be determined from them, -
Little attention has been given to this phase of the prob-
lem in this study since the position of the lines in the
important bands in this region have recently been studied
with good resolution by Blau, etco,3 and an evaluation of
this and other studies has been made by Benodictoh

Table 1 is a 1ist of the lower vibrational states
of CO02, including the upper and lower levels of all the
important transitions of €02 occurring at nomal tempera-
ture in e 545 to 667 em~l region. Table 2 contains the
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band constants which are most useful in the present study.

The only wavelength measurement in these experiments
is the band head determination of the 01'0O ~ 000 band of
the 018012016 isotope. Also relative positions of the Q
branch lines for the 01'0 - 000 transition of the 0120%6
isotope were made to determine the band constants for the
Q branch. Thess measuremants have not previously been
recorded.

The second basic quantity of interest i1s the strength
of absorption; from which transition momenta may be calcu-
lated. The strength of absorption for a whole band; or the
band strength, may be determined by adding the strengths
of all the lines in the band. This method requires that
all the individual line strengths be obsarvable, but has
ths advantage of yielding the distribution of strength
within the band., The evaluation of strengths of whole
CO» bands has not been made by adding the strengths of
individusl lines since no spectrometer has been available
with sufficient resolution to resolve the overlapping bands,
Methods have been daveloped5’6”7 for determining whole band
strengths from measurements on unresolved bands. Diffi-
culties arise however, if several bands overlap, for it
is impossible to be sure of the separate contributions of
each,

The first investigation of the 15 to 18 micron spec-
tral region in which the CO, rotational structure was

resclved was mades by Martin and Barkorae The resolution
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attained, however, was insufficient for' individual line
strength determinations and no intensity analysis was
made. Although several investigators9,10,11,12,13,1l
have measured the total absorption by COo, in the 13 to
18 micron region, they were unable to apportion the proper
share of the total intensity to the separate bands. Re-
cently, Kostkowskil5 determined the strengths at sle—ated
tomperatures of the bands on the high frequency side of
the v, fundamental at 15 microns. The most recent and
perhaps the best attack on the room temperature intensi-
ties of the bands on the high frequency side of the funda-
mental, and the fundamental itself, has been made by Kap-
lan and Eggersol6 They have made total band measurements
using a low resolving power. |

Calculations of expected intensities in the funda-
mental and several other bands; based on avallable experi-
mental evidencs; and assumptions of a molecular model,
have been made by Kaplan1917 arid more recently by Bene-
dict.18 A discussion of the agreement between the present
experimental values and Benedict's predicted values will
be given.

The third basic quantity to be studied in absorp-
tion spectroscopy is the shape of absorption lines; from
which molecular interaction forces and other broadening
influences may be determined. The width of an absorption

line ia a measure of the strength of the broadening influ-

ence.
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Unfortunately, it is difficult to study the shape
of individual lines at any distance from the line center
in such a crowded spectrum as occurs in the 15 to 18
micron region of CO, absorption. In these experiments,
only the width of the absorption lines was determinable.

Absorption lines are broadened predominantly by
three mechanisms: the natural width, the Doppler effect,
and collision broadening. For CO2 in the infrared, the
natural width i1s negligible compared with that due to the
other two mechanisms. The Doppler effect can be important
at elevated temperatures. At room temperature, however,
the Doppler width for CO, is only ,00l11 cm™1, while the
width due to collision broadening is about 0.2 ecm~1l at
one atmosphere pressure. Since the Doppler width 1s inde-
pendent of the pressure, while the collision width is
proportional to the pressure, the Doppler effect can be
neglected in these measurements for pressures greater
than .01 atmos. The range of pressures used in these
experiments was from 0.025 atmoaphere to 1 atmosphere.

The collision width of absorption lines cannot be
calculated from Kinetic Theory since the collision diem-
eter for optical interaction i1s different from the colll-
sion diameter determined from viscosity and conductivity
measurements, Therefore, the collision width muet be
determined directly from the spectra.

Adell? studied the vy fundamental of COp under high

resolution using a grazing incidence grating spectrometer.
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5.
He determined what he considered an upper limit of 0.12
em~l for the average half-width of the lines in the fund-
amental band. The average half-width for the 2077 cm-1l
band of COp was determined by Benedict and Silverman®®
to be .075 cm-l, Kostkowskil> determined the average
half-width for the peak of the R branch of the 961 cm-1l
band to be 0,084 cm~1,

High resolution is necessary to make measurements
of strength and width on individual absorption lines, and
thus determine the variation of strength and width with
J. In addition, the use of high resolution reducea the
uncertainty in band strength determinations caused by the
overlap of different bands. The spectrometer used in the
present experiments nas available the highest resolution
yet attained in the 15 to 25 micron spectral region, and
measurements on strengths and widths of individual absorp-

tion lines were possible in many cases,.
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IT. METHODS OF DETERMINING STRENGTHS AND WIDTHS FROM
ABSORPTION SPECTRA

A study was mads of the methods available to reduce
the spectra in order to determine the experimental con-
ditions which yleld measurements containing the most ac-
coessible informmation. The desired quantities are line
and band strengths and line half-widths. These quanti-
ties are defined below.

A. Definitions

The transmission of the gas at frequency v is

defined as T, = —% . Here IJ is the intensity of

light of frequency v inclident on the gas sample; end I,,

is the intensity of light of frequency v transmitted by it.
The absorption of the gas at frequency v 1s defined

as Ay=/-7, .

The absorption coefficlent at frequency v, ky, is

now defined by the Lambertis Law relation: Tv = e— Rl
where f{ 1is the length of path through the gas sample
over which the light travels;, and k,, has the dimensions
em~l, It is assumed that the gas has a uniformm density
throughout this path. (If this condition i1s not satis-
fied, the quantity dIy=-‘I:k,Jﬂ must be integrated
over the whole path.)

The integrated absorption coefficient for an absorp-

4
tion line is defined as: G = [k, dy where igfls

the absorption coefficient for that line alone, and S hsas

the dimensions cm"2u
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The line strength is basically defined as the inte-
grated absorption coefficient per molecule, S/No, where
No 1s the molecular density of the gas. However, since
the 1ideal ges law holds for all pressures used in these
experiments, and since all measuremeiits were taken at
one temperature, it is much more useful experimentally to

define the line strength per atmosphere, S°, at 300°K by;

8¢ = §/p

where P 1s the gas pressure in atmospheres, and 3S° has
the dimensions cm~2/atmos.

The band strength S:v , 1s then given by:
)
5 v - :
v ¢ ¢
0

where the sum i1s over all lines in the band, and Si is

the line strength of the 1th 11ne. 5:,, is a8 most impor-
tant quantity since it has been shownll to be directly

related to the vibration transition moment by the relation:

(2 1
o arnew(i-e TR G VT
v 3’\0 Qv

(1)

where R:: is the vibrational transition moment

No = molecular density at 1 atmosphere
pressure and 300°K

G is 1 for all bands observed in these

experiments



1] for 2; gstates

Q0

<
N
"

2 for all other states

The half-width, § , of an absorption line is
defined as one-half the width of the absorption coeffi-
clent curve measured at a height equal to one-half of
the maximum value of the absorption coefficlient for that
line. Kinetic Theory, the collision broadening theory
of Lorentz,21 and considerable experimental evidence
leads to the conclusion that the half-width of a colli~
siovn-broadened absorption line is proportional to pres-
sure over a wide range of pressures -- and certainly
over the pressure range of these experiments. Accord-

0
ingly, we define {J , the half-width corrected to

atmospheric pressure at 300°K, by

o

L
3 =P

where F 1s the pressure in atmospheres of the gas at 300°K.

B. Direct Determination

From the observed spectra we wish to determine the
physical quantities s§, 5:: ,and B3° . This determi-
nation is a straightforward procedure if the resolving
power of the spectrometer is high enough, and the pres-

sure of the gas is adjusted so that: a) No given line

e et et ot
»
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is overlapped by its neighbors, and b) the width of the
line is large compared with the spectrometer optical slit
width., In this case there would be no distortion of the
true transmission curve by the spectrometer, and by divid-
ing the logarithm of the transmission by the path length
one would obtein the true absorption coefficient. Since
by assumption there is no overlap, the line width could
be measured directly and the strength could be determined
by integrating the absorption coefficient over the wave-
length interval.

Since the experimental conditions necessary to use
such a direct method are seldom realized, it 1s necessary
to consider other methods which are made possible by sim-
plifying assumptions. These &re listed below in order of
the increasing number of assumptions necessary for their
use., The listing is not intended to be exhaus“ive, but
it contains the techniques which are appropriate for in-
terpreting the present observations.

C. Direct Determination Using Slit Function Corrections

For cases where the requirements for use of direct
determinations can not be met exactly, but can be met
approximately (i.e., conditions require that the line
width be of the same order of magnitude as the optical
slit funection of the spectrometer), the above method can
still be used if a correction is made for the "smearing
out" effect of the spectrometer on the spectra. Such

corrections depend cn a good knowledge of the slit funcWion,

- R I R A - 3

v >
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defined as:

@i‘éensity of light of frequency v passed by
"the slit '

OI(VQJVozz intensity of 1light of frequency v, passed
by the slit

where v, 1s the frequency setting of the spectrometer,
and v is the frequency in the spectrum.

This slit function is primarily dependent only on
the variable (v~vy):. and its dependence on this variable
must be known to make the correction mentioned above.

Kostkowski and Ba3322 have calculated the appro-
priate corrections to be used in obtaining true S, ¥ ,
and peak absorption from the observed spectrum assuming
a Gaussian slit function. The corrections were calculated
for many values of the ratio of line width to optlcal slit
width. These corrections are particularly appropriate
for use in this study, since 1t has been experimentally
confirmed recently by Von P.anta,?3 that a Gaussian slit
function 1s a good aspproximation in an Ebert type spec-
trometer for the slit widths used here. Figures 1 and 2
show the corrections to be applied to the observed S and

§ (calculated from curves of log T,pg.) in order to
determine the true S and § . It should be noted that
the correction for ¥ 1is much greater than the correction
for S under identical experimental circumstances.

D. 8° Determinaticn for Weak Absorption

When the line width is smaller than the optical siit

width, which is the case 1f low pressures are required to
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separate the spectral structure, it is necessary to turm
to even more indirect methods of determining S° and 50 .
Of prime importance in these methods is the quantity called
"equivalent width," or W, defined by:

w =-/r;\uob&</v

Here the range of integration must begin and end in regions
of zero absorption if the definition is to have meaning,
and it is assumed that there is no overlapping of lines.
The importance of this quantity centers about the fact that
it 1s independent of the slit wicth (so long as the slit
function 1s symmetrical). The integral may extend over
any desired interval if the restrictions mentioned ahove

are satisfied -- A being the observed absorption in

vobs.
that interval. Since W is independent of the slit function

it follows that:

W =/‘\,ou. dv :/A,, dv (2)

1.68. the intezrated observed absorption over any interval
beginning and ending in a region of zero absorption is
equal to the integral of the true absorption over that

interval,

TN - . AR B S e

L% P
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Now let Ry £—0 . then:

((m W =f/kv dy =00 =QP5° (3)

Qa3 kyf"’o

Thus if W 1s messured for a given spectral interval
at many path lengths, and vhe quantity jﬁ§ is extrapo-
lated to £ =O , 8° is obtained. This S° may be the
strength of one line, or the aggregate strength of many
lines, depending on the spectral interval over which the
absorption was integrated.

This method has two limitations. Firstly, since the
most important measurements tc be made are those when the#
observed absorption 1s extremely small, it is difficult
experimentally to obtain accurate measurements. Secondly,

o
there 1s no way of determining 0  from such a treatment.

"E. "Curve of Growth'"Method

In order to determine @§° under the condition that
the line width 1s not large compared to the spectrometer
slit width, and so that measurements on lines of stronger
absorption will be of some help in determining S°, another
method has been developed called the "Curve of Growth"
method. The important assumption made in the use of thisas
method i1s that th: shape of the absorption coefficient
curve for any given line is the symmetrical shape calcu-
lated by 1’..orent;z2l for collision broadening. Lorentz pre-

dicted a Cauchy shaped line given by:

L L9
ky P (V'V°)2 WL (4)




13.
where S and § have heen defined, and Vo 1s the central
frequency of the 1line.

While there is some question remaining as to whether
or not the Lorentz shape is correct for frequencies far
from the line center, there is general agreement that the
Lorentz formula predicts the correct shape near the cen-
ter of the line. 1In particular Benedict18 has reported
that the Lorentz formula predicts the correct value of
the absorption coefficient at a distance of 1 cm~l away
from the line center for CO, absorption lines in the 4.7
micron band. Because the absorption measured under all
experimental conditions of this study is negligible at a
distance of 1 cm~l away from the line center, the assump-
tion of the Lorentz shape for this work seems justified.

With this assumption the following argument is made:

W-_-/Av dv ;/(/-e"é"l) dvy

If the entire contribution to W is due to a single line,

W /(/ - el 33T oy

This integral has been solveds'by Ladenburg and Reiche

and the result is:
w=2mix e [Tan-iTw]

where X = E?Jgi (6)
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Jos» Jp are Bessel functions of the O sand 1 order. For

simplicity this equation may be written:

where /:(x) = X e'x[J'o(iX) - [J-I(LX)]

The function F(x) has been tabulated by Stover.2l Fig-
ure 1 1s a plot of F(x) vs. x. This function is called
the Ladenburg-Relche Punction,

For the limiting case of x— o, 1lim F(x)} = x (linear
aly x—» O
region). Then:

W = 21T & 2775 =350 (x—0) (7)

which agrees with the result of the previous discussion.

For large x,

F(X) \‘2 X (square-root region)

In this case,
w=2ms 22" =2Y530° (X>>0) (8)

It 1s noteworthy that x is independent of pressure.

This can be shown if we set:
o
5=5F
5=7%°P
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Substituting in (?) we have:
°
SA
X = 273° . (9)
Also noteworthy is the fact that W 1s proportional to P

since we may now write:
W =2T VP F( L) (10)

It is, therefore, convenient to define a quantity, wo, by
WAk %/- , which is called the equivalent width cor-
rected to atmospheric pressure at 300°K. Finally, the

pressure independent equation for W° is:
o
w ' =2T ¥ Fx) (11)

In this equation WO and _{ are the experimentally deter-
mined data, F(x) is the tabulated Ladenburg-Reiche Function,
and 8°, J° are the unkrowns to be determined. Mathe-
matically, a measurement of we for two absorption path
lengths would be sufficient to determine S° and J¥° .
In practice, it 1s found desirable to obtain W° as a func-
tion of l over a wide range of x in order to best obtain
the numerical values of S° and ?S° . For example, if
only two values of x wei's measured, and x was large in

both cases, W° for both cases woiild be nearly given by
w=2 VL and only the product of 8° ¥° ocould

be detemined with any accuracy. If, on the other hand,
both choices of x were guity small, WO in beih cases would

'
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be very nearly given by W° = 8°f and the solution would
be very insensitive to ¥° . Thus, in the "Curve of
Growth" Method, for each line studied it is desirable to
make measurements of WC© with path lengths appropriate to
have x values extending from the lin;ar region into the
square-root region of the Ladenburg-Reiche Fuhction.

If the spectral interval of absorption of the line
being studied is overlapped by neighboring lines, simple
corrections can be made to W° only if the overlap contri-
bution is not too large.

F. Method of Wilson and Wells

The previous methods have required that the indi-
vidual 1lines being studied be reasonably free from over-
lap. A method has been developed by Wilson and Wells®
which ylelds the total band strength when the structure
of the band 1s completely "smeared out.®™ "Smeared out"
means that the individual line widths are larger than the
spacing of the lines. For COp this condition is met at
reasonable pressures in the 1l bana Q branches whare the
line spacing 1s quite small.

With this "smeared out" condition fulfilled, and
with a sufficiently narrow spectrometer slit function so
that the tranamission suffers little distortion by the
spectrometer; the observed transmission TObs . 44 very

nearly the true transmissicn, T. Under thig conditlon,

-2 k) L
Iy=¢
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w [0T) dy =-1/ S k) dv

If the integration above is performed over all the fre-
quencies at which there 1s measurable absorption for a

given band, or branch, w
/(ZJ k,(V))dv :Zjofk;(v) dv ZJ SI
S+ P5;

and finally
/(—(nT) dv =£Pé Sy (12)

:Z,S; represents the strength of the band, or branch,
ozor which the integration has been performed. If the
integration has been over the entire band, .S:; is
obtained. If the integration was performed over a Q
branch, the theoretical ratio of Q branch strength to
total band strength may be used to find Svr .

Wilson and Wells show that an extrapolation pro-
cedure ylelds the best results, since in most cases the
resolution available 1s not sufficient to leave the trans-
mission completely undistorted by the spectrometer slit

function. Such an extrapolation yilelds:

as 20

(im /(~(nT)G/V =9PSS;
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G. Elsasser Band Method

A final method must be mentioned which can some-
times be used when conditions for the above methods can
not be met - namely - when the lines of a band are not
wide compared to their spacing, and yet where the spectral
slit width of the spectrometer is wide enough so that sev-
eral lines pass through the slit simultaneously. 1In order
to use this method, however, 1t 1s necessary to assume
that the band is of the idealized type considered by El-
sasser. An Elsasser band 1s one containing an infinite
number of equally spaced Lorentz-shaped lines of equal
strength and width. Elsasser has shown! that the total
absorption averaged over an interval of the line spacing

of such an idealized band is given by:

A= 5inh@ﬁxp[—)’ cos}\(}] JO(LY)(/Y (13)

_ S4
) where Y = Dscnh@

(3 - EZig )
D = spectral range between lines

Kaplan25 hiag tabulated this function, giving A as & func-
tion of Y and G .
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ITTI. EXPERIMENTAL DISCUSSION

A. Spectrometer

It 1s well recognized that the princii barrier
to obtaining spectra with high resolving power in the
thermal detection infrared li2s in the difficulty in get-
ting a sufficiently high signal/noise ratio with narrow
slits. In 1950, the Laboratory of Astrophysics and
Physical Meteorology of The Johns Fopkins University
began the design* of a spectrometer transmitting a large
light flux -~ sufficient to enable the use of much higher
resolution than was possible before. The construction
of this spectrometer has been completed, and its perform-
ance tested. The instrument has domonstrated26 an optical
slit width of 0.06 ecm~1 at 600 em™l, which is only 15%
greater than the theoretical width. In addition a wave-
length accuracy of 0.0l em~1 at 600 cm~1 has been achieved.

The essential features of this spectrometer are described

below:
(1) Optics

Figure 5 shows sc.ematically the optics of the in-
strument. It is of the Ebert type,27 the Ebert mirror
being 30" in diameter and of 90" focal length. The grat-
ing is 14" wide and 12" high ruled 1000 lines to the inch.

#The principles upon which this design was based were de-
scribed by John Strong in a paper discussing high resolv-
ing power in the infrared, presented at the 1950 meeting
of ‘he Ohio State Symposium on Molecular Structure and

Spectroscopy.
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The slits are 3" long and are curved on a 15" diameter
circle. Either a Globar or a carbon ar028’29 can be used
as a source. In the present work a Globar was used. The
light 1s chopped at the source with a mica chopper, travels
through the Ebert system, and coming through the long exit
slit 1t is sliced and condensed onto a Golay cell pneu-
matic detector. Figure 6 shows the operation of the image
slicer. In effect, it slices the 3" long exit slit into
three 1" long segments, and causes these segments to be
imaged ad jacent to one asnother on the detector. A similar
arrangement is used with the carbon arc on the entrance
side of the spectrometer to enable the crater of the car-
bon arc to fill the long entrance slit.

The elimination of overlapping grating orders 1is
effected by 3 or L, reflections of the light from Mg0 crys-
tals in conjunction witi: the mica chopper. Since the
0.003" thick mica chopper transmits well out to 9 microns
and only the a.c. co-ponent of the signal incident on the
detector 1s amplified, higher order light 1s considerably
reduced. Figure 7 shows the reststrahlen reflection from
a typical Mg0 crystal. After four such reflections, the
first order of the grating from 1l to 25 microns 1s ob~-
tained completely free of higher order light even when a
carbon arc 1s used.

(2) Grating

The 14" x 12" grating was ruled in a 13-micron

thick silver film svaporated on a glass blank with

it v o
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excellent uniformity using a new technique3° which was
developed here. The ruling was done by Dr. H. W. Babcock
on the large ruling engine of Mt. Wilson and Pglomar Ob-
servatories.

Before the ruling of the large blank, many small
gratings were ruled in similar silver films by Mr. Wilbur
Perry of the Johns Hopkins Gratings Laboratory. These
gratings, all blazed for the 20-micron region, were ruled
with different groove forms and their blazes studised, in
order to determine the optimum specifications for the
groave of the large grating.

Figure 8 shows some of the data taken for a small
grating having a groove form similar to that specified
for the large grating. The specifications decided upon
were a groove spacing of 25 microns and a facet angle of
25, These specifications have the effect of shifting
the maximum of the curve in Figure 8 to somewhat longer
wavelengths,

Figure 9 1s a photograph of the grating in its mount-
ing on a table, adjustable with respect to its axis of
rotation. The detailed reflection indicates the sharpness
of the blaze.

(3) Drive and Rotation

Figure 10 is a closeup photograph showing the drive
mechanism incorporated to rotate the grating. The acrew
sdapted for the drive of this spectrometer was originally

made to test new methrds of making ruling engine iériv1.37
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It 1s drivan in fixed bearings so that the nut moves when
the screw 1s rotated. A sapphire flat mounted on the
moving nut pushes on a steel ball fixed at the end of

the grating table arm to cause the rotation. This type

of drive ylelds a cosine variation in angular veloclty

of grating rotation which just compensates for the cosine
dependence of grating dispersion. As a result, when the
screw 1s driven by a synchronous motor, the variation of
wavelength on the exit slit of the spectrometer is remark-
ably linear in time.

The rotation axis of the grating is located by four
highest precision Fafnir ball bearings. These bearings
are mounted in pairs spaced two fset apart. The pairs
are made up of matched bearings arranged so that the
errors in one are compensated by those of the other.

The palrs are preloaded by a small force directed along
the axis of rotation. This force eliminates any bearing
"slop."

(4) Alignment Instrument

To obtain the maximum available resolution from the
spectrometer;, critical a&lignment of its components 1s
necessary. Figure 11 shows the schematic operation, and
Flgure 12 1s a photograph of an instrument devised which
greatly facilitates the alignment of the spectrometer.
Its operation is describea in the caption for Figure 1l.
(5) €O and H,0 Removal

The spectral region of operation of this spectrometer
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contains strong atmospheric CO, and Hp0 absorption. Thus,
if these gases are to be studied under controlled con-
ditions, or if other gases are to be studied with which
the COp or H»0 interfere, the residual COp and H20 must
be removed from the spectrometer. In the present case
one would expect this to.be a particularly difficult task
since high resolution is available, and the optical path
of the spectfometor is about 15 meters. However the
following procedure was remarkably succeasful.

The spectrometsr 1s complately enclosed in a copper
housing, and can be operated entirely from withcut. All
wires to the interior run through hermetic seals, eand a
copper-lined door can be sealed into place during opera-
tion. The COp is removed from the interior atmosphere by
circulating the air through KOH pellets. After L} to 6
hours, a desiccant is udded to the path of circulation by
remote control. The highly effective desiccant used is
Linde Air Products Molecular Sieve. Several more hours
of continued circulation removes all trace of the CO, and
H,0 from the spectrometer path. Figure 13 demonstrates
the success, showing the complete disappearance of the
C02 fundamental Q branch, and the double H50 line at
592 em~1, which affords the strongest H,0 absorption
between 15 and 19 microns.

(6) cCalibration

The spectrometer was calibrated using the wavelength

determinations of Plyler, Blaine, and Conner3l on CO in
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the ;.7 micron band. Their measurements were taken with
interferometer fringes superimposed on the spectrum for
calibration. Here, the rotational structure of the .7
micron CO band was observed in the 3d, Lth, and 5th orders
to establish the calibration of this spectrometer. The
resulting calibration curve deviates from absolute lin-
earity in wavelength by only 5 X from 14.5 to 2, microns.
The deviation of the calibration points from a linear
squation is shown in Figure 1. The average deviation
of the calibration points from the best uniform curve is
about 3 X, which represents an accuracy of better than
0.01 em™! at 20 microns.

The remaining inaccuracy is not at all random, how-
ever, there being a very consistent correlation with the
temperature of the spectrometer, which at present, varies
about 2 degrees C in a day. Since the temperature depend-
ence is roughly 2 X per degree C, a temperature control to
0.2 degrees C could conceivably yleld a factor of j or 5
in wavelength accuracy, or plus or minus several thousands
of a wave number at 20 microns.

A useful filter for 1solating the 4.7 micron CO
band was made by evaporating a A/2 (at .7 microns) film
of Tellurium onto 0,027" thick mica. The mica plus the
6.3 micron H,0 absorption causes the long wavelength cut-
off, and the Tellurium cut-off plus the 2.7 micron H20
absorption eliminates the shorter wavelengtha. The {il-
ter transmits 75% at 4.7 microns. Figure 15 is a trans-

mission curve of this filter.
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(7) Resolution

The availabls resolution of the instrument was
determined by observing the widths of absorption lines
of N»0 in the 17-micron band. The spectrometer slits
were set equal to the theoretical Rayleigh resolution
limit as calculated for the 14" wide grating and A = 17
microns. The carbon arc was used as a source to supply
the maximum possible signal/noise ratio, No0 at 35 mm
pressure was introduced to a 25 cm absorption cell.
Figure 16 shows the R() ) and R(g) lines of the N20
17-micron band with hot band satellite lines completely
resolved 0,2 cm™1 away. The observed width of absorption
of the lines 1s about 0.08 cm~l, Under these conditions,
the e¢lfectivy optical slit width of the spectrometer would
be about 0.06 ecm™l, The broader appearance is due to the
influence of the width of abscrption of the line itself --
as would be observed with infinite resolution. This rep-
resents 70% of theoretical resolution for the grating
used at the angle corresponding tc 17 microns, which com-
pares favorably with 80%€ calculated theoretically by Jac-
quinot32 for the use of slits equal to the diffrsction
width,

As can be seen from Figure 16, the signal/noise
ratio is just about the minimum necessary to do effective

work, and so it would appear that this spectrometer has

reached the diffraction limit to resolution and the energy

limit to resolution .1uu1tlnoouull.
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(8) Electronics

The electrical signal generated by the Golay pneu-
matic detector is amplified with an a.c. amplifier. The
amplified signal 1s rectified synchronously with the
chopping frequency by a mechanical rectifier, after which
it 1s fed through an RC filter network with an adjustable
time constant. The signal is then displayed on a Leeds
and Northrup pen recorder.

B. Experimental Set-Up for the Study of COp

The first problem to which the spectrometar, de-
scribed above, has been turned is the present study of
the CO» intensities in the 545 - 667 cm=l spectral region.
For this work the Globar was used as a source. The entire
3" of slit was used in conjunction with the exit siit
image slicer. The slit width used for all measurements
was 0.,2l; mm, and corresponds to an optical slit width of
about 0.1 em~1,

Three absorption cells, of lengths 1.133, 5.09, and
25.17 cm were constructed to fit into the exit beam of the
spectrometer. (From here on these cells will be referred
to as the 1, 5, and 25 cm cells.) The cells were made of
brass and had KBr windows. The windows were sealed by
means of neoprene o-ring seals. The absorption cell in
use was connected to the exterior of the spectrometer
housing by copper tubing so that the gas content could be
controlled from the outside. A ocne-liter glass hottle

was connected to the system on the outside as & ballast
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volume, which was especially useful in maintaining & con-
stant pressure over a long period of time when the 1 cm
cell was being used. Two Hg manometers were used to read
the pressure in the absorption cell. The entire system
to be 1solated was of metal or glass, except for the o-
ring seals at the cell windows and the connections to the
copper tubing -~ which were of plastic hose. The system
could be isolated for many hours with no detectable change
in pressure. The cells were filled to a prescribed pres-
sure with pure COp. The brand used was blue banded South-
ermn Oxygen Co. C{p, and the purity cf this brand has been
checked in the past to be better than 99.7%.

A constant check of the temperature of the absorp-
tion cell was kept by reading the voltage of a thermo-
couple attached to the absorption cell.

For all runs the spectrometer housing was sealed up
and all COp and H,0 were removed from the spectrometer path
before beginning any measurements. From the recorder a
record was obtained of the gas transmission as a function
of wavelength for several pressures in each cell. Repeats
were cften made.

The wave number locations of the €O, absorption
lines of interest in this study were taken from the work
of Blau, etc,,3 and appear in the tables. The use of
their accurate measurements avolds the necessity of deal-

ing with the temperature dependent error of this spectrom-

eter [see A(6)J.
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The amplifier was quite stable and maintained a
steady zero signal over many hours. The 100 transmission
curve was checked at frequent intervals by recording the
signal after pumping out the absorption cell. The amount
of scattered radiation could be determined by cbserving
the depth of absorption for the strong Q branches; and in
most cases unwanted radiation was negligible. A small

scattering correction was introduced in the region below

618 em~1,
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IV. DATA
A. Sgectra

CO, absorption spectra were observed from 545 to
674 em~1 under a variety of pressures in each of the 1,
5, and 25 cm absorption cells. It is impractical to in-
clude all this data here. The tables include the results
from all measurements, but only representative spectra
are shown. Figures 17 and 18 are spectra of the entire
range of study in these experiments, using the 25 cm
absorption cell with the pressures indicated. Each vibra-
tional transition 1s indicated at the band head, and the
P and R branch lines are labeled according to the J quan-

tum number of the lower state and the following convention:

for ¢12036 i,8 : R,P branch 01'0 - 000
B,b : " " 0220 - 01'0
Chct " " 02°0 - 01'0
Kk: " " ¢,'o - 02°
F,f : " " 03'0 - 0220

for ¢1303® Aoc: "M 01'0 - 000

The spectra shown here were taken with a spectral
slit width of ~ 0.1 em~l, which 1s the highest resolu-
tion with which the CO, spectrum in this region has ever
been recorded. Thus more lines are visible and a better
identification of satellites i1s possible than heretofore.

Figure 19 1s a scan of the 01'0 - 000 Q branch with
higher dispersion. The Q branch line positions are marked.

¥
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Ths frequencies of the clearly observed Q branch lines
together with the constant (B"-B') they define are given
in Table 3.

From Figures 17 and 18 it 1s obvious that a con-
siderable portion of the spectral range is crowded to the
extent that measurements on individusal lines would be dif-
ficult. Therefore measurements were not made on all lines.,
Three regions were selected for concentrated study: 661 -
666 em~1, 624.5 -~ 629 em™Ll, and 598 - 613 cm~l. These
reglons were selected for the following reasons: a) The
principal lines 1n these reglons ure nearly free from over-
lap; b) lines of low, medium, and high J occur; and c¢) the
strength of the lines occurring in this region allow con-
venlient-sized absomtion cells tc be used,

Spectra in the first region, 661 -~ 666 cm 1, are
shown in Figure 20 with high dispersion. A scan with each
of the 1, 5, and 25 c¢m absorption cells is represented.
Lines a2, alj, and a8 of the vo fundamental P branch were
studied, as well as lines b8 and b9 of the lst harmonic
P branch. Alsoc an estimate was made of the strength of
the 018012016 1sctope fundamental Q branch.

Spectra occurring in the second regilon of study
624 .5 - 625 cm™1 are shown in Figure 21, with scans using
thel, 5, and 25 cm absorption cells., The lines studied
here were a50, 52, 54, and 56 of the fundamental, and
€9, 11, and 13 of the R branch of the 02°0 - 01'0 transi-

tion, The third series of "apparent! lines in Figure 21
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are blends of k and o¢ 1lines and therefors not suitable
for an intensity study.

In these bands alternate J lines are missing. This
is because in each transition a S state is involved,
which for COp, contains only levels of even J.¥

The third region of detailed study was 598 - 613 em~1
as shown in Figure 22. Here P branch lines c7 through
c25 of the 02°0 - 01'0 band are found quite free from
overlap or background. (The F band lines occurring here
have only a two or thres percent contribution which may
be easily taken into account.) For this reason the mosat
accurate measurements were made in this region.

In addition to a concentrated study in these thres
spectral regions, a measurement of the total Q branch
strength was made for the 02°0 - 01'0 band at 618 em-1,
the 03'0 - 0220 band at 597 e¢m~1, and the 03'0 - 100 band
at 54L.5 cm-1,

The Q branches for the 03'0 - 02°0 band and the fund-
amental of the 0130%6 and 018012016 isotopes are nearly
hidden under P branch lines of the 0120%6 fundamental (see
Figure 17). Howsver, rough estimctas were possible of the
strengths of these bands. Figure 23 shows the spectral
region 646 - 649 cm~1 taken with lower pressure in the
25 cm absorption cell where the 03'0 - 0200 band of 0120%6
and the 01'0 - 000 band of ¢13036 occur. The 018¢12016

#The oxygen nuclei being identical and of zero apin, the
antisymmetric (odd J) levels of :g; 3tates are absent.
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fundamental Q branch can be seen with high dispersion
in Pigure 20.
B. Analysis of the Spectra

The methods used to determine the line widths and
strengths from the observed spectra are described in
Section II. In the case of the P branch lines of the C
band it was possible to use several methods, and the re-
sults c.uld be cross-checked. The most frequently used
method is the "Curve of Growth" method described in Sec-
tion IT-E. A further remark 1s made here with regard to
the application of this method to the present study.

The important result of the "Curve of Growth" treat-

ment is stated in Equation 1ll. To repeat,
[o]
° _ s°A 11
W 2T 8 F(m°) (11)

If the value of W° for a line is known at twc absorption
path lengths, S° and J° «can be calculated for that
line. This procedure is cumbersome, however, since F(x)
1s in tabular form. Instead of this, a graphicsl pro-
cedure has been used which ylelds results more readily.
This is as follows: The data are plotted as log W° ver-
sus log ‘ﬁ . A curve of log F versus log x 1s then
superimposed on the data curve and positioned so that

the best fit 1s made with the experimental points. (These
curves are most ccnvenliently obtained by the use of log log
graph paper.) A simple argument then shows that SO is
equal to the value of WC at the intersection of the
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Ladenburg-Reiche curve "linear region" asymptote (F(x) =X)
and the 1line log /=0 ( £= 1 cm). PFurther, it may be
shown thet the value of WC at the intersection of the
"linear region" asymptote and the "square root region"
asymptote ( fix) "V%T) 1s given by WO =1 §°. Thus
8° and J° may be determined quite simply when ihe data
are put in this graphical form.

In the discussion to follow concerning the reduction
of the data, the three spectral regions in which a con-
centrated effort was made will be considered in tum,
followed by a discussion of the treatment of the various
Q branches observed.

(1) 661 - 666 ecm=1 Region

The lines occurring in the first region of interest,
661 - 666 cm~1l, are strong, and low pressures are required
to eliminate overlap and keep down the background. As a
result the lines are narrower than the optical slit width
and di rect measurements are impractical even with slit
function corrections. Also, the lines are too strong to
use the "wWeak Absorption” method. Therefore the "Curve of
Growth®™ technique was attempted for the analysis of this
region. The average W° of a2, L, 8 determined from sev-
eral runs at various pressures for each of the 1, 5, and
25 cm cells is given in Table l;. The pressures used for
each cell length are indicated in Table 5. The data were
plotted graphically as discussed sbove. Figure 24 shows

the result for the line al. As can be seen from the
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graph, the experimental points fit the logarithmic
Ladenburg-Reiche curve (abbreviated L-R curve in fur-
ther discussion) almost entirely in the "square-root"
region. Therefore the data can not yield 8° end J°
with any accuracy, but will determine the product 8°J3°
to the accuracy of the measurements. For the "square-

root" region it has been stated in II-E that

w =2 V581 (8)
or  \y°=2Y5 0/ (16)

In a region close to the "square-root™ region, a better

approximation 1s:
W =215 5L ( '5%() (17)

Since x is necessarily large for thlis aspproximation, a
rough value of x is all that is required. The 8° J°
products were determined for a2, alj, and a8 for each W°.
These results are shown in Table 8,

The value of W° for the lines b8 and b9 was deter-
mined from the spectra taken with the 25 cm absorption
cell. Equation 17 was used to determine S°© J° for b8 and
b9. If the assumption is made that J° for b8 and b9 is
equal to 2° for a8, the ratio of 8° for b8 and b9 to
S° for a8 may be determined. In a similar manner, the

strength of b3l plus b35 (see Figure 17) was determined
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relative to the strength of a3l. These results are tabu-
lated in Table 9. (In Table 9, the strength of b3y + b35
is divicded into a contribution from each line assuming a
Boltzmann distribution.)

The strength of the Q branch of the 018012016 band
was estimated using the "Elsasser band" method. A de-
scription of this case will be included in a later dis-
cussion of several Q branch strength determinations by
this method.

(2) 624.5 - 629 em™t Region

The second region studied, from 624.5 to 629 em-1,
contains many closely spaced lines. P branch lines of
the A, K, and ﬁ{ bands and R branch lines of the C band
occur predominantly. Also P branch lines of the B band
and R branch lines of the F band occur weakly. This region
i1s of interest since it is the only region in whic¢h measure-
ments on R branch lines of the C band and high J lines of
the A band can be attempted.

The equivalent widths of a50, 52, 54, 56 and C9, 11,
13, were measured 2t various pressures (Table 5); and an
average WO calculated for each line for each absorption
cell length. These are shown in Table . The measure-
ment of equivalent width of a line requires that an inte-
gration be made over all absorption due to the line. It
can be seen in Figure 21 that the absorption due to each
line is overlapped by that due to others for the 1 cm

path length measurements. This difficulty may be overcome
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by & simple approximation which holds well when the over-
lap absorption is small and the lines do not differ greatly
in peak absorption. First the absorption is divided into
regions by drawing vertical lines between the absorption
lines, dividing their spacing into components of length
having the same ratio as their peak absorption. The
equivalent width of a line is then measured by integrat-
ing the absorption over the block containing the line.

The assumption is that the integrated absorption lost

by cutting off the wings of the line being measured 1s
compensated for by including the wings of the neighboring
lines when the cutoff is made in the manner prescribed
above.

It was necessary to make background correctlions to
the W° values for the a50, 52, 5L, 56 lines. A theoret-
jcal spectrum was calculated using values of band strength
and 1line width that have been estimated by Benedict.Bu
The contribution of the background lines to the equivalent
width measured was then calculated for each condition of
pressure and path length used. The appropriate correc-
tions were made to the observations. These corrections,
averaging only a few percent and the largest of which 1a
8% have been used on the values of W° occurring in Table .

Due to the weak absorption, and overlap and back-
ground corrections necessary, the values of W° for lines
in this region obtained with the 1 and 5 cm path lengths

have considerable uncertainty. To lncrease the accuracy
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obtained by the graphical "Curve of Growth" method, the
data for a0, 52, S5k, and 56 were plotted together for a
single comparison to the L-R curve., Two assumptions are
necessary for this step. The first is that the value of

7° 1s the same for all four lines. The second is
that the ratios of the line strengths are the thesoretical
ratios predicted for a Boltzmann distribution -- i.e.

ratios of the factor:

& _ R
(—J;a:l") € rJTL _% g//_:’{#"; for each line.

For a few adjacent high J linea thess assumptions are

expected to be quite good. The data are now plotted as
Log W° versus log S°f where S° for each line is given
in units of S8°50. Thus many points instead of three
determine the fit of the data curve to the L-R curve.
This is shown in Figure 25. From the curve is obtained

5° for all lines, and the vaiue of 8° for a50, 8°
for the other lines is determined by the theoretical
ratios.

This method was also used to plot data for the

lines C9, 11, and 13, as is shown in Pigure 26. EHere
the assumptions regarding J° and the ratio of the S°'s
seem valid if one considers the expected values estimated
from measurements of J° and 8° in the P branch of the

C band.
The values of 8° and U° determined for the lines

in this region are given in Table 10.
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(3) 598 - 613 cm~1 Region

The only strong lines in this reglion are the c7 -
¢25 1lines of the 02°0 - 01'0 band P branch. Here pres-
sures up to an atmosphere do not cause serious overlap,
and 8¢ and J° were determined for these lines by
direct measurement as well as by the "Curve of Growth"
method .

Direct measurements were possible with only small
slit function corrections, since the width of the absorp-
tion coefficient curve at & pressnre of 1 atmosphere is
over twice the width of the spec .meter slit functlon.
The logarithm of the transmission curve was calculated for
li runs with the 1 ¢cm and 5 cm absorption cells whers
the pressure was between 0.8 atmos. and 1.0 atmos, Then

5°obs, was measured directly, and SJ, ~ was obtained
by integration of the log T curve for each line -~- as dis-
cusszd in II-B. These observed values were corrected for
the effect of the slit by the smounts indicated in Fig-
ures 1, 2, and 3. The resulting 8° and 0° for each
line is given in Table 6.

The equivalent width of each line ¢7 - ¢25 was
measured for the 1, 5, and 25 cm path lengths for sev-
eral runs under & variety of pressures ~-- as indicated
in Table 5. The value of WO for each line at each path
length 3 given in Table L. These valuss >f WO were
smoothed by piotting W® versus J for each path length

and drawing s smooth curve through the experimental
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points. This is shown ir Figure 27. Log W° (smoothed)
was plotted against log £ , snd S° and 3° for each
line determined by the graphical "Curve of Growth"™ method.
An average example of the fit of the data to the L-R
curve 1s shown for line cl7 in Figure 28. The resulting
values of SO and 0§  are glven in Table 6 where they may
be compared with the results of the corrected direct
measurements.

(L) Q Branch Measurements

The & branch strength of slx bands was determined.
In the discussion below, they will be grouped according
to the method used to reduce the data.

The Q branch of the 0310 - 100 band at 54l.26 em™1
is weak and 1s free from overlap wlth other bands. The
"Weak Absorption" method was used to determine the strength
of this @ branch. The integrated absorption was averaged
for four scans over the Q branch, and the strength deter-
mined as outlined in II-D. The value obtained is given in
Table 1l.

The Q branch strength of the 02°0 - 01'0 transition
(C band) and the 03'0 - 0220 transition (F band) were
determined by the method of Wilson and Wells. For each
band, ﬁ—(nT)dy was evaluated at seversl conditions
of path length and pressure (see Table 7), and S° deter-
mined by the extrapolation procedure outlined in II-F.
For the C band Q branch the strength of the Q branch +

line cl was determined, since this first P line is well
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surrounded by Q branch structure. After a minor back-
ground corraction for overlapping "a"™ and " ©¢ " 1lines,
the C band strength was determined from the measured S°
by the ratio of the C Q branch + cl line to total tand
strength calculated assuming a Boltzmenn distribution in
the P branch. The extrapolation is shown in Figure 30,
and the C Q branch strength is included in Table "N\ /I,

The F band Q branch measurement was & much more
approxim-te procedure., Before the method of wilson and
Wells could be applied, the effect of the line c27 had
to be removed from the absorption due tc¢ the F Q branch.
This was done by carefully reconstructing the ¢27 line as
it would appear in the absence of the F Q branch. It was
assumed that the absorption due to ¢27 was equal to the
average value of absorption for the lines c¢25 and c¢29
which could be clearly observed. After constructing the
c27 line the difference between the constructed and ob-
served absorption was assumed to be cdue to the F Q branch,
and the method of Wilson and Wells was pursued. The extrap-
olation for the F Q branch strength 1s shown in Figure 29,
The resulting Q branch strength 1s included in Table 11.

The remaining three Q branches are nearly buried
beneath P branch lines of the A tand, and are also over-
lapped with lines of the B and C bhands. An accurate de-
temination of their strengths cannot be made by direct
measurements; however a rough value was obtained using

the following technique: First an estimate was made of
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the absorption due to the Q branch as a furiction of v.
From the band constsnts, separations of the Q branch
lines were calculated at frequency inteivals greater
than the spectrometer slit function width. The “Elsasser
Band" method, II-G, was then applied for each frequency
at which the line separation was calculated. From Equa-
tion 13 the S° of the average strength line being passed
by the spectrometer when set at that frequency was deter-
mined. A §° of 0.11 cm-l was assumed for the calcula-
tion. For each of the line strengths thus determined, a
Q branch strength may be calculated i1if a Boltzmann dis-
tribution 1s assumed for the Q branch. The Q branch
strengths for the K band and the isotopic ¢¥ band were
determined in this manner, and the results are given in
Table 11. The Q branch strength of the 01'0 - 000 transi-
tion of the 018¢l2plé 1sotope was also estimated by this
method. This Q branch has two series of lines as a result
ot [ -doubling. Since the even J series diverges more
rapidly, 1t makes the major contribution to the absorption
in the wing of the Q brench. The measuremernits were made
in the wing of the Q branch, and the effect of the odd J
series was ignored in the reductioﬁ° The contribution to
the observed strength due to this second series is esti-
mated roughly as 304. Making this correction to the ob-
served 8°, the value of Q branch strength found in Table 11l

represents a "most probable" choice.
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V. DISCUSSION OF RESULTS

The primary results of this study are the values of
S© and J° determined for the 1lines listed in Table 10,
and the Q branch strengths listed in Table 11. An esti-
mate of the uncertainty in these results 1s listed for
each value in the table =- the most Iimportant source of
uncertainty being the lack of.reproducibility of the
quantities derived directly from the spsctra due to the
noise fluctuations.

The band strength determinations are considered
secondary results since an assumed band intensity distri-
bution must be used in the calculation of these quantities.

In the discussion below, the results of this study
are compared with the results of other experimental and
theoretical investigations. A discussion of atrengths
will be given first;, followed by a discussion of line
widths.

A. Line and Band Strengths

The line atrengths for the P branch of the C band
obtained from the <crrected direct determination and the
"curve of Growth™ methods are plotted as a function of J
in Figure 31. This curve establishes the experimental
variation of strength with J. In a first attempt to com-
pare these results with theory;, the rotational distribu-
tion was calculated assuming a Boltzmann distribution.

It has been shown33511 that this distribution for €O,
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is given by:

v’ -ﬂ ._..é-_J.—‘
§° = 2 Fir) . y(1-e*T) e M7
J OJ’ Vo(/.-e‘#)

whero 32, SY. have been defined,

F(Jn) is a funstion of J" which differs for the P, Q
and R branches and depends on the vibrational '
transitiﬁy. For the P branch of the C band,
Firr) =3

o 18 the frequency of the band head.

h
(I" e ‘7-> 1s the induced emission term.

v

Ex¥
e kT is the Boltzmann factor.

Q: tZ (zjftl)e o is the rotational partition function.
J-'

The value of st; was ad justed to give the most favcr-
able fit of this distridbution to the data, and for S:L =
3.84 cm~2 atmos.”l the results are shown in Figure 32.

The experimental points show a consistent deviution from
the calculated distribution suggesting a refinement of the
theoretical distribution. Benodictl8 has shown that a
consideration of the Coriolis vibration-rotation inter-
action leads to a fomula for the rotational intensity dis-
tribution givan by Equation 1l multiplied by the following
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temn:
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(1+Sm) (15)
where m is the ordinal number of the line, and S 1s a
parameter depending on the strength of the Coriolis inter-
action and the vibrational trasnsition invelved. No thec-
retical estimates have been made of the value of g for
the C band, although § = +.0016 has been estimatedl8
for the A band.

Using Equation 1l with the addition of the term (15)
and adjusting the parameters S%. and § , a most satis-
factory fit to the exporimental data is obtained. This
is shown in Figure 33 for S:: = .27 em™2 atmos.~l and

S = +.0035.

The effect of a positive § is to decrease the
intensity of the P branch and increase the intensity of
the R branch. The parameters were adjusted so that almost
verfect agreement with experiment is obtained at cll --
the value of S° for cll belng 0.0685 em=2 atmos.”1. For
the R branch, the predicted value of S° for Cll is
0.0736 cm"”2 atmos.“l while the experimental value is
0.070 cm=2 atmos.“l. This agreement is well within the
estimate of reliabllity for the measurement of S° for Cll.

The determination of SY» for the C band from the
C Q branch measurement must be considered as a check on
the value obtained from the other measurements. The value

obtained 1is S:- = 3,72 em=2 atmos.~l which is 134 lower



L45.
than the value determined above from the P branch measure-
ments. The uncertainty in the value obtained f'rom the Q
branch measurement is considerably greater than that for
the determination from the P branch measurements however,
due to the abundance of data in the latter case. It should
also be mentioned that a consideration of the effects due
to the Fermi resonance between the 02°0 state (upper state
for the C band), and the 100 state ylelds the conclusion
that the observed strength of the C Q branch should give
too low a value of Szi if the effects are neglected, as
they were here. The magnitude of this effect, however,
has been estimated3l as less than 5%.

The distribution of line strengths in the funda-
mental, or A, band can not be determined from measure-
ments made in this study since the strength has besn
determined at only one place in the band. If a distri-
bution is assumed however, the band strength can be deter-
mined from the measurement of the line strengths for aS0 -
256 given in Table 10, The distribution assumed 1s that
glven in Equation 1L multiplied by the Coriolis temm (15),
where F(J")‘laf'/‘ for the P branch of the A band. This
calculation has bsen carried out for three values of

§ ¢ § =0 corresponding to no Coriolis inter-
action; § = +.,0016 which 1s the value calculatedld
theoretically for this band; and T = +,0035 which 1s
the value obtained in this study for the C band. Bene-
dict points out34 that the magnitude of the C parameter
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for the C band is expected to be somewhat greater than
that of the A band. For these three values of C ., the
values of SY, for the A band are:

/

c Sy« (em=2 atmos.=l)
0 196

+ .0016 235

+ .0035 290

The result of Kaplan and Egger316 measurement on
the v, fundamental by a low resolutfon "Curve of Growth"
method 1s S:j = 21l em~Z atmos.-l. The strength of
a50 observed in this study can be obtained from their
value of Sys if a C of +.00084 1s assumed. No final
conclusion can be drawn as to the value of 53; for the
A band, but in light of all available evidence, the most
reasonable value 13 perhaps 235 em™2 atmos .l with a

€ = +.0016.

The strength of the first harmonic, or B band has
only been determined relative to the A band, and is
therefore esqually ambiguous.

Vibrational transition moments were calculated by
BEquation 1 for all the bands studied. The results appear
in Table 12 where they are compared with the transition
moments that have been calculated by Benodictl8 on the
basis of a theoretical model. The available parameters
in the dipole expansion for this model have been adjusted
to best fit the CO, intensity data known previous to the
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present study, and no attempt was made to further adjust
the parameters in light of the present results. Three
values of transition moment hav¢ been calculated for the
A snd B bands corresponding to a value of g for the
A band of 0, +.0016 and +.0035.

The agreement of other investigations (740 - 864 em-1
region) with the predictions of the model is included for
comparison.

B. Line-Widths

The values of J° for ¢7 - ¢25 determined from
corrected direct measurements and the "Curve of Growth"
method are included in Table 6. In addition 3° values
have been determined from "square-root region™ measure-
ments of S°J° in the 25 cm cell and from the best values
of line strength determined by all methods. The 1esults
of these three methods of obtaining bo are shown graph-
ically in Figure 34. Included also is the value of 3°
obtained from Kinetic Theory assuming a collision diam-
eter, 4 = 3.3 x 10-8 cm, given by viscosity and conduc-
tivity measurements.® J° has the almost constant value
of 0.103 cm~1 from c9 to c23. There is a slight indica-
tion of higher values of Do at lower J" and lower values
at higher J". The Jo detemined from R branch measure-
ments on €9, 11, 13 has the value 0.1l1 em~1,

1° was determined for the P branch of the funda-
mental (A band) to be 3° = 0.060 cm-1 at a50 - 56.
The value of J° for 82, L, 8 could be determined from

#Hendbook of Chemiatry and Physics, 30th edition, 2627
(1947), Chemical Rubber Publishing Co., Cleveland
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the 8° ¥° products of Table 8 if the band strength and
intensity distribution were knmown. Three values of A
band strength were calculated in the previous section
for G =0, +.0016, and +.0035. The values of 3°
for a2, 4, and 8 c;lculated from the 8° 3° products

for these three cases are:

S 5°e2)  F(al)  J°(a8)

g cm-2atm-1, em~latm™d {em-latm=1{cm~lagm=1
0 196 .129 .116 .095 ~ 10%
uncertainty
+.0016 235 .108 .098 .08 in all
values
+.0035 290 .088 .079 065

For any reasonable choice of Q it would appear

that the ¥° at low J" is considerably higher than the

J° at J" = 50. This result fits well with the observed
trend of 5° verst 1 J" in the C band. It is proposed
therefore that in the A and C bands of COp, J 1s high
at low J, begomes nearly constant at a somewhat lower
value over intermediate J, and drops off at higher J to
approach the Kinetic Theory value. This proposition is
quite compatible with theoretical expectation. It hasa
been shown35’36 that molecules with a strong dipole moment
have a maximum value of J at a J" value near the peak
of the Boltzmann distribution, since a molecule making a
transition at such a J" finds a greater number of perturb-
ing molecules with which it may resonate. However this
effect is very weak for molecules with a small dipole

[e]
moment. Smith, Lackner, and Volkov3® have measured &
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for 0CS in the microwave region and measure only a 7%
increase in B° from J" =1 to J" =5, They have also
calculated the expected widths using Andersonts Theory35
of collision broadening extended to include the effects
of near-resonant interactions and conclude that the ex-
pected increase in 5° 1s only 4% from J" =1 to J" =5
for 0CS.

CO is another molecule with a wesk dipole which has
been investigated. Measurements of 3° for the CO funda-
mental have been reported by Benedicto18 The results, _
reproduced graphically in Figure 35, show a variation with J
not inconsistent with the results of this study for CO,.
The observed increase in J° at low J can be explained
by the following argument: 1In the case of a very weak
dipole-dipole interaction, or for a quadrupole-quadrupole
interaction (which must be the principal cause of colll-
sion diameters greater than the Kinetic Theory dlameter
in a non~polar molecule such as COZL the collisions in
which exact resonance occur are relatively less important
than those in which a moderate dagree of near-resonance
takes place. Since the low J levels are more closely
spaced, a molecule radiating from a low J quantum state
will have significant nesr-resonant collisions with a

greater number of molecules, causing sn increased line

width.

VI. CONCLUSIORS
The distribution of line strength and the variation

of 1line width with J haz been detearmined for intermediate
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J in the P branch of the 02°0 - 01'0 absorption band of
CO». The observed intensity dis*ribution can be com-
pletely explained if the Coriolis vibration-rotation
interaction is introduced. The line width 1s quite con-
stant from J"™ = 9 to J" = 23, wi‘h some indication of
being larger for lower J and smaller for higher J. The
strength and line width of the J50 to 56 lines in the P
branch of the 01'0 - 000 band have been measured; however,
the band intensity is indeterminate since the magnitude of
the Cortolis interaction parameter is not known for this
band. A value has been cbtalned for the strength of all
the absorption bands of CO» prominent at room temperature
in the spectral reglon 545 - 667 cm™t -~ with varying

reliabllity.
It 1s suggested that measurements be made with long

absorption paths on higher J lines in the P branch of the
02°0 - 01'0 band to determine the further variation of
line width with J. and to eatablish the value of the Cori-
olis interaction parameter with greater certainty. It 1s
suggested also;, that a further study of the low J lines

in the 01'0 - 000 band be made with shorter path lengths,
to determine the strengths of these lines -- for in thils
way the magnitude of the Coriolis interaction parameter
for this band could be established, the band strength
determined, and a comparison of line widthsbe made for

low and high J.
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Table 1

I8¢
Vibrational Levels of C12016

Sym

Gy
cm~1
0.00

667.40

1285.43
1388.19
1335.16
1932.45

2077.86

2003 .28
25L48.51
2670.5

2797.19
2585.1

2760.75
2674 .76

2

B
cm-1

0.39021
.39062
.39123
.39046
.39018
.39164
.39076
39174
.39039
.39125
.39236
.39096
.3899
.39059
.39199
.39152
.39307

10-7 em-1

1.3

1.3

1.3
1.475
1.125
1.3

1.40
1.46
1.20
1.14

1.3

1.5

.3 #
.1

38 #
.22

3 i

HOH e

#constants determined indirectly; levels not observed
with high resolution.

#¥prepared by W. S. Benedict
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Table 3
Line Positions and Band Constants
Determined for the Q Branch of the
01'0 - 000 Transition of c12016

Line v Ozig{ved*
Q38 668 .91

Lo 669.07

L2 669.27

sk 670.46

56 670 .68

These line positions have been fitted by the
following equation:
y = 667.40 + (B'=B")J(J+1) + (D'-D")J2(J+1)2

The resulting band constants are:
B'-B" = (10.17 + .10) x 107l cm-1
D'-D" = (.32 + .30) x 10-8 em-1

*These frequencies were determined relative to the
position of R branch lines J" = 2,i, as determined
by Blau, ete 33
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Table 5
Pressures and Path Lengths Used in Study of COp

P (atmos)
' ¢ 1,133 5.08 25.17 « Q(cm)
.198 1
135 1
129 1l
g .06 1
1322 1
.0658 1
N 0255 1
99 2
197 2
. .068 2
.083 2
7 997 3
1.00 3
790 3
1.00 3
a .285 3
.198 3
— Reglon 1: 661 - 666 em~1
%; " 2: 624.5 - 629 om~1
i " 3; 598 - 613 cm~l
—
.
i
i

.
e g

-y - x, .
\Y&aﬁ.‘-‘-w“‘ o .
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Table 7
Data Obtained from Wilson and Wells Method on Q Branches

Esti-
mated

P J] LEmT)avi  yncer-

Q Branch v em~1 atmos. cm taintz
FQ 597.29 1.000 5.08 .0673 104
.790 5.08 .0682 104
.997 1.133 .0715 104

cQ +

line cl 618,03 .958 1.133  1.63 5%
.995 1.133  1.57 5%

.528 1.133 1.7 5%



Table 8

S©7° Products Determined for Lines a2, L and 8

SO 70
v (ecm=3 Estimated
Line em=1 atm=2) Uncertainty
a2 665.8) 0y2 10%
aly 66l .29 110 104
ad 661.18 .187 154
Table 9

Ratios of "b" Line Strengths to "a" Line Strengths

S° b 1line SO b line Estimated
"b" l1line S° a8 SO a3l Uncertainty
b8 0475 15%
b9 .0623 15%
b3l .085 20%

b35 077 20%




Table 10
8° and 7° for Individual Lines Determined in this Study

SO in Est. of 7Y° in Est. of
em-2atm=1  Uncer- cm-latm=1  Uncer-
~ Line v(em=1) at 300°K tainty at 300°K tainty
a50  629.46 143 7% .06 9%
c13 628.91 .0750 % A1 9%
a52  627.99 .101 % .06 9%
cll1  627.38 .0695 7% 11 9%
a5l  626.51 .0704 7% .06 9%
c9 625.83 .0613 % A1 9%
a56 625.05 .0481 % .06 9%
c? 612.56 .0565 3% 111 15%
c9 611.00 .0627 34 .108 15%
cll  609.42 .0682 3% .105 12%
cl3 607.84 0712 3% .10} 10%
cl5  606.27 .0715 3% .103 10%
cl7  604.70 .0692 3% .103 10%
cl9 603.13 .0656 3% .103 104
c2l 601.56 L0614 3% .102 10%
c23 599 .98 .0568 3% .101 12%

c25 598 .40 .0522 3% .099 15%
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Caption for Figure 11

This instrument is used to facilitate the
alignment of the Ebert system as follows:

A plane mirror with a central hole is mounted
on 8 hollow cylinder. An eight-point suspension
restricts this cylinder to rotational freedom alone.
(The bearings are indicated in Figure 11 by "cross"
marks.) As a preliminary step the plane mirror is
made perpendicular (by autocollimation) to the axis
of rotation of the cylinder and the instrument is
then positioned in the Ebert optical system as shown
in the figure. Cross hairs mounted inside the cyl-
inder are illuminated from the side arm, and, when
viewed as indicated in Pigure 11, the planes of the
object and image cross hairs are brought into co-
incidence by moving the cross hairs forward or back
from the Ebert mirror until they lie in the focal
plane of the Ebert mirror. The rotation axis of the
alignment instrument 1s then made parallel to the
optic axis of the Ebert mirror by adjusting either
the Ebert mirror or the position of the allgnment
instrument until there is no relative notion between
the cross hairs and their image when the cylinder is
rotated. A microscope mounted on an arm fixed to the
cylinder may then be used to critically adjust the

position, curvature and focus of the slit jaws.
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APPENDIX

Purther Details of the Rotation and Drive Mechanisms

Pigure A is a sectional drawing of the grating turn-
table and axis of rotation. Figure B explains the geometry
of the cosine drive. An examination of these drawings and
of Figures 9 and 10 should make clear the text discussion
on pages 21-22.

It will be noted in Pigure B that a cosine drive
may be obtained even though the drive arm is not normal
to the grating. This 1s made possible by fixing the drive

flat at an appropriate angle on the nut.
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